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Runoff from lands fertilized with animal manure from concentrated animal feeding operations (CAFOs) is
a source of hormones to surface water. In this study we tested the hypothesis that larval fathead minnows
exposed to sex steroids singly or in a “typical” CAFO mixture during sex differentiation would respond
with changes in the expression of a set of target genes, leading to gonadal abnormalities later in life. In
the first experiment, a static daily-renewal system was used to expose larvae during the period of 10-20
days post-hatch (dph) to either 5 ng/L 17p3-trenbolone (173-TRB) or 5 ng/L 17a-ethinylestradiol (EE;). In

gg’rvg;:fs: a second experiment, fish were exposed from O to 45 dph in a flow-through system to a CAFO mixture
Androgens composed of steroids and degradates (2-16 ng/L), atrazine and degradates (15-250ng/L), and nitrate
Atrazine (3-11 mg/L). In the single hormone experiment, expression of genes involved in steroidogenesis (cyp19a,
Animal feeding operations cyp17, and star) was decreased in females. In contrast, no differences in gene expression were observed
Pimephales promelas in fish exposed to the CAFO mixture. However, the majority (84%) of treated males had testes containing

an ovarian cavity, indicative of feminization, compared to 0% in the control males. Overall, our results
show that: (1) changes in gene expression after single hormone exposures are sex-specific, with females
more responsive than males; and (2) phenotypic alterations in testicular development can be elicited by
asimulated “CAFO” mixture when fathead minnows are exposed during the first 45 days of development.
More research is needed to further discern the complex response of fish to steroid mixtures, especially
those associated with runoff from land-applied CAFO waste.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Natural and synthetic hormones have been detected in aquatic
environments. Important sources of hormones to surface waters
are runoff from land on which animal manure has been applied
as a fertilizer and discharge of treated municipal wastewater
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(Gall et al., 2011). Concentrated animal feeding operations (CAFOs)
produce large amounts of animal waste that contain nutrients,
as well as natural and synthetic hormones (Burkholder et al.,
2007). In addition, CAFOs are often associated with corn fields
that commonly apply herbicides during late spring-early summer
(April-June), coinciding with fish spawning (Stoeckel et al., 2012).
One herbicide of interest is atrazine, which is widely used and
reported as an endocrine disruptor (Weber et al., 2013). Midwest
agricultural fields have subsurface tile-drain networks that facil-
itate transport of excess water from agricultural fields to a ditch
network system. As a result, excess nutrients, herbicides, and
hormones can be quickly mobilized into ditches (Gall et al., 2011),
ultimately reaching streams and rivers.

Effects of sex steroids on fish and wildlife reproduction have
been widely studied (Orberdorster and Cheek, 2000; Tyler et al.,
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1998). However, there is significantly less known about the effects
of androgens compared to estrogens (Ankley et al., 2003; Jensen
et al., 2006), and almost no studies are available that have
tested androgen and estrogen hormones and degradates in a mix-
ture. Using information on the estrogenic potency (indexed to
17a-ethinylestradiol, EE; =1, maximum) and androgenic potency
(indexed to 173-trenbolone, 173-TRB = 1 maximum) of the mixture
(Thorpe et al., 2003) and assuming concentration addition (Brian
etal., 2005; Silva et al., 2002; Zhang et al., 2009), predictions of bio-
logical effects of steroid mixtures could be determined. However,
there has been little exploration into the testing of mixtures con-
taining endocrine disrupting compounds with dissimilar modes of
action. Furthermore, to our knowledge, no controlled studies have
been conducted exposing fish larvae or juveniles to a mixture of
hormones, pesticides, and nutrients similar to those found in the
environmental matrices, such as CAFO runoff.

Using fathead minnows we tested the overarching hypothesis
that larvae exposed to sex steroids singly or in a “typical” CAFO
mixture while undergoing sex differentiation (10-45 days post
hatch, dph) would respond with changes in the expression of genes
involved in this process, leading to gonadal abnormalities later in
life. We tested this hypothesis in two experiments: one that eval-
uated molecular responses after exposure to single synthetic sex
steroids; and a second experiment that evaluated molecular and
organ (gonad) responses after exposure to a CAFO mixture (con-
taining sex steroids and degradates; atrazine and degradates; and
nitrate). Specifically, we hypothesized that activation of genes crit-
ical to ovarian development (cyp19a and esr1) would be observed
in fish exposed to EE, or an “estrogenic” mixture. Analogously, an
activation of genes critical for testicular development (dmrt1 and
ar) was expected after exposure to 17(3-TRB or an “androgenic”
mixture. We also expected a skewed phenotypic sex ratio toward
males in larva exposed to the CAFO mixture, based on our previous
studies showing this response in fathead minnows exposed from
0 to 45dph to ditch water from a CAFO site containing a similar
chemical mixture (Leet et al., 2012).

2. Methods
2.1. Animal model and experimental design

Fathead minnows used for all experiments were spawned at the
Purdue University Aquatic Research Laboratory from fish reared at
USEPA’s Mid-Continent Ecology Division Laboratory in Duluth, MN.
These fish contain a sex-linked DNA marker used for genotyping
gender (Olmstead et al., 2011).

In the first experiment, a static, daily-renewal system was used
to expose fathead minnow larvae (10-20dph) to either 5ng/L
(18 pM) 173-TRB, a synthetic androgen or 5ng/L (17 pM) EE;, a
synthetic estrogen. These treatments were chosen because they are
environmentally relevant concentrations that are sublethal (Shved
et al., 2008). Fathead minnows were exposed during this develop-
mental period to target gonadal differentiation (van Aerle et al.,
2002; Uguz, 2008). Exposures were conducted in 18 6-well plastic
plates with mesh well inserts (Corning, Inc., NY, USA) to facili-
tate daily water changes. Embryos (<24 h post fertilization, hpf)
were removed from breeding substrates, triple rinsed in reverse
osmosis (R/O) water reconstituted to a hardness of 3 meq with
Replenish® (Seachem, Inc., Madison, GA, USA), and individually
placed in a well containing a 10 mL total volume of clean recon-
stituted R/O. Fish were reared in clean water during the first
10dph and those larvae were (total N=101) split into groups to
either be used as (N=30 larvae) or exposed to the synthetic hor-
mones from 10 to 20dph (EE; N=35 larvae; 173-TRB N=36).
Survival and abnormalities were recorded daily. At the end of the

exposure, fish were euthanized with MS-222, measured (£0.1 mm),
and processed for gene expression analyses and genotyping (con-
trols N=29; EE, N=28; 173-TRB N=32). In order to match genetic
and phenotypic sex, RNA was extracted from the midsection of each
larva and gene expression data matched to genetic sex. This also
allowed for the determination of sex-specific body measurements
for these fish. Water samples were pooled from the exposed and
control wells daily after water exchange for confirmatory chemical
analysis.

The second experiment consisted of a flow-through 45 days
exposure of fathead minnows to a contaminant mixture that mim-
icked chemicals detected at an Indiana CAFO field site (Gall et al.,
2011; Leet et al., 2012). The mixture contained the following nom-
inal hormone concentrations in ng/L: 20 estrone (E;; 74pM), 10
17a-estradiol (17a-E;; 37 pM), 10 17B3-estradiol (173-E;; 37 pM),
10 estriol (E3; 35 pM), 30 testosterone (T; 104 pM), 10 androstene-
dione (AND; 35 pM), 10 17a-trenbolone (17a-TRB; 37 pM), and 10
173-TRB (37 pM). In addition, 0.110 pg/L (510 pM) atrazine and
10 mg/L nitrate were included. The exposure system consisted of
24, 9.5-L glass tanks, half of which received the chemical mix-
ture in R/O reconstituted water a multiposition, microelectric valve
actuator system (Valco Instruments Co. Inc., Houston, TX). Control
tanks were set-up in the same system only receiving R/O water.
Each tank received a flow of 3 mL/min and continuous aeration
through a small aerator stone. One clutch of eggs still attached
to the breeding substrate was placed in each tank (control N=12;
exposed N=12). All but 150 eggs were removed from the substrate
after eggs eyed to ensure enough eggs hatched for determination
of sex ratios at 45 dph, using a combination of gonadal histology
and genotyping (n =20-50 juveniles/tank). Juveniles were weighed
(£0. 1 mg wet) and measured (+1 mm) at the end of the study. Fish
(n=20) from three control and three exposed tanks were chosen
for examination of gene expression changes at 20 dph. During the
exposure, water samples were periodically collected for chemical
analysis from the outflow of random tanks using 1L amber glass
bottles.

For both experiments, embryos/juveniles were incubated in a
temperature-controlled chamber (24 +1°C) with a photoperiod
of 16 L:8 D. Dissolved oxygen was maintained at a minimum of
6 mg/L. From O to 4 dph fish were fed diluted Rotifeast (Reed Mari-
culture, Inc., Campbell, CA, USA); ad libitum live brine shrimp larvae
(Artemia, Brine Shrimp Direct, Ogden, UT, USA) three times daily
(twice daily on weekends) from 5 to 20 dph; and adult brine shrimp
twice daily from 21 to 45 dph. All Institutional Animal Care and Use
Procedures were approved through the Purdue University Animal
Care and Use Committee (protocol # 11-038).

2.2. Exposure solutions and water chemistry analysis

Hormones were dissolved in 1 mL methanol and diluted into
1L sterile deionized water for stock solution preparation, then
sonicated for 30 min and stirred (on ice) overnight to ensure com-
plete dissolution. Working solutions were prepared with sterile
R/O water. The final concentration of methanol was 0.0000005%,
negating the need for a vehicle control. Hormones and pes-
ticides were quantified using solid phase extraction, eluting
with methanol, evaporating eluant, and reconstituted residues in
methanol (0.5 mL) followed by high performance reverse-phase
liquid chromatography-tandem electrospray ionization mass spec-
trometry (HPLC/ESI-MS/MS) for the hormones (details provided
Supplemental Material of Gall et al., 2011) and GC/MS for the pes-
ticides.

For the CAFO mixture study, water chemistry is presented
as the average concentration of the different analytes during
three developmental periods representing pre- (0-9dph), early
(10-20dph) and late (21-45 dph) sex differentiation for the fathead
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minnow (Uguz, 2008). Water samples were taken throughout the
experiment and a weighted average was calculated for each devel-
opmental period and adjusted for the number of days in each period
for an estimation of exposure. The adjusted average concentration
(Cave) for each developmental period was calculated as follows:

Coo (C1+G)/2)xT1 + (2 +C3)/2) x Ty + - -
ave po )

(1)

C1,.23, ... is the chemical concentration measured in water col-
lected from the flow-through system. Ty, . is the duration
(number of days) between water sample collections. Ty, is the
total number of days the average concentrations is being adjusted
for in a particular developmental period (i.e., 0-9, 10-20, or
21-45dph).

2.3. Genotyping and gonadal histology

Genetic sex was determined at 20dph in fish from the single
hormone exposure experiment and at the end of the 45 days CAFO
mixture study using published methods (Leet et al.,2013; Olmstead
etal.,, 2011). Although larvae were also sampled for gene expression
analysis at 20 dph during the 45 days CAFO mixture experiment, the
preservation of these samples in RNAlater (Sigma-Aldrich Corp.,
St. Louis, MO, USA) interfered with the polymerase chain reac-
tion (PCR) for genetic identification of sex so genotyping was not
possible for those samples. Genetic sex was compared to gonadal
histology for 45 dph juveniles from the CAFO mixture study. Six
replicate tanks ( =3 for control and treated) were chosen for histo-
logical analysis (20-50 fish/tank, 240 fish total). Gonadal histology
was not conducted in the 20 dph larvae for either exposure exper-
iment since gonads are too immature to evaluate histologically
at this age. Gene expression analysis for 20dph larvae was con-
ducted on 20 larvae from three control tanks and three treated
tanks in the CAFO mixture study, of which one treated and one
control tank were the same as those examined for histological sex
at 45dph.

Midsection samples collected at 45 dph were placed in histol-
ogy cassettes and fixed in Davison'’s fixative (USEPA, 2006) for 24 h.
Samples were processed by the histology laboratory at the Purdue
University Animal Disease Diagnostic Laboratory, using standard
hematoxylin and eosin staining of 5um thick sections. At least
three sections were examined for each fish and blindly evaluated
by two individuals using Uguz (2008) as a guide.

2.4. Gene expression

Gene expression was conducted on 20dph larvae from both
experiments. Seven genes were chosen for quantitative PCR (qPCR)
analysis using previously described methods (Leet et al., 2013).
Double sex and mab-3 related gene 1 (dmrt1; F: 5'-AGGTCGTGGGT-
GATGTGAAT-3, R: 5'-GGCCACTGCAGAGCTTAGAG-3') is a tran-
scription factor thatis involved in sex determination. Steroidogenic
acute regulatory protein (star; F: 5-TGTCCGCTGTGCCAAAC-3’, R:
5'-GCTCTTACAAATCCTTTCTTCTC-3’) is a cholesterol trans-
port protein involved in the production of steroid hormones.
Cytochrome P450 19 gonad isoform (cyp19a; F: 5-CAGGAGTT-
ACAGGATGCCATCA-3/, R: 5-CCGACCAGCTAAAACAGTTTCC) and
cytochrome P450 17 (cyp17; F: 5'-AAAGGAAGATGAATGGATTTG-
3’; R: 5-GCAGTTGTTGAAAGAAGATG-3’) are steroidogenic
enzymes. Estrogen receptor isoform 1 (esr1; F: 5'-CACCCACCAGCC-
CTCAG-3’; R: 5-CACCTCACACAGACCAACAC-3’) and andro-
gen receptor (ar; F: 5-ATGGGAGTGATGGTCTTTG-3’; R:
5'-AGGTCTGGAGCGAAATAC-3’) are intracellular nuclear transcrip-
tion factors involved in steroid signaling pathways. Ribosomal

protein L8, rpl8 (F: 5-CTCCGTCTTCAAAGCCCATGT-3'; R: 5'-
TCCTTCACGATCCCCTTGATG-3’), was used for housekeeping
because it has been shown to be a stable gene for fathead minnow
exposure experiments (Filby et al., 2007). No differences in rpl8
expression were observed between genders or treatments (data
not shown). All primer efficiencies were between 92 and 110%.
Gene expression analysis was done on fish samples from the static
single hormone exposure study that could be definitively sexed
by genotyping, and for which enough total RNA was extracted to
measure all seven genes (controls: =8 males, 11 females; EE,: =12
males, 12 females; 17(3-TRB =12 males, 11 females). All samples
were flash-frozen in liquid nitrogen, except those collected at
20 dph from the CAFO mixture flow-through exposure which were
preserved in RNAlater. The preservation of samples in RNAlater
caused interference in the genotyping PCR for identifying sex,
so it was not possible to genotype these samples. Expression
of cyp19a has been shown to be sexually dimorphic in 20dph
fathead minnows (Leet et al., 2013), so its expression was used to
define presumptive gender in the CAFO mixture exposure where
genetic sex could not be identified (controls: 3 tank replicates, =32
males, 28 females; exposed: 3 tank replicates, =39 males and 21
females). A ACt value of <12 was considered female and >13.5 was
considered male because there was differential expression with
no ACt values between 12 and 13.5. Samples were used if enough
RNA was extracted from individual fish to analyze all seven genes.
Mean cycle threshold (Ct) values were calculated for the target
and reference genes. Expression of target genes was normalized
relative to the expression of rpl8 (ACt=Ctiargegene *Ctrplg). The
normalized expression of the target genes was quantified by
determining the 2~ACt (Schmittgen and Livak, 2008).

2.5. Statistical analyses

Statistical analyses were performed with JMP 8. An ANOVA was
performed to test for significant differences between treatment
groups within each sex for the static renewal exposure. A student ¢-
test was used to determine significant differences between control
and exposed group within each sex for the flow-through exposure.
Significance was declared at p <0.05. All data are presented as sex-
specific mean + SE. Sex ratios were compared across treatments
using a chi-square test.

3. Results
3.1. Single hormone studies

Measured concentrations of EE; and 17B-TRB were
3.3+04ng/L and 3.3+0.6ng/L, respectively. Neither chemi-
cal was detected in the control water samples. Hatch rate for
all embryos was 94%, and during the 10 day exposure period
(10-20dph) survival was 97% for controls, 80% for EE,, and 89%
for 173-TRB (Table A.1). Although EE,-exposed fish were signifi-
cantly larger than those treated with 173-TRB, neither group was
significantly different to controls (Table A.1).

The genotypic sex of all fish sampled was 50% male. Sex-
specific gene expression responses are shown in Fig. 1, by gender.
In females, dmrt1 was upregulated by EE, and downregulated
by 173-TRB. Also, females exposed to either chemical exhibited
significant downregulation of cyp19a, cyp17 and star expression.
The only significant change in males exposed to 173-TRB was a
downregulation in the expression of star. Upregulation of esriwas
observed in both males and females exposed to EE,. No signifi-
cant changes in ar expression were observed in any treatment or
sex.
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Fig. 1. Summary of gene expression changes in 20 dph fathead minnow larvae after exposure to 3.3 ng/L EE; or 3.3 ng/L 173-TRB for 10 days. Gene expression for (A) double
sex and mab-3 related gene 1 dmrt1, (B) cytochrome P450 19, cyp19a, (C) cytochrome P450 17, cyp17, (D) steroidogenic acute regulatory protein, star, (E) estrogen receptor
1, esr1, and (F) androgen receptor, ar, was normalized to rpl8 (ACt method). Error is indicated by the bars.

Table 1
Summary of average chemical concentrations from three replicate tanks for the 45 days CAFO mixture exposure.
Equivalancy EO1 EO3 EO4
factor
0-9dph  10-20dph  21-45dph  0-9dph  10-20dph  21-45dph  0-9dph  10-20dph  21-45dph
Estrone 0.28 534 4.96 4.59 4.93 4.90 4.24 534 2.25 6.54
17a-Estradiol? 2.88 4.38 5.19 5.66 5.07 4.54 4,73 2.51 6.59
173-Estradiol 1.00 1.91 3.00 3.15 3.85 3.24 3.99 2.38 1.36 5.84
Estriol 0.05 3.53 6.58 9.58 5.94 7.00 8.51 6.10 335 11.92
Sum of estrogen equivalents® 3.58 4.72 4.91 5.53 4.97 5.61 4.18 2.16 8.27
Testosterone 0.078 2.19 2.14 0.74 1.75 1.68 0.56 1.89 0.45 0.08
Androstenedione 0.091 17.91 14.05 11.44 10.15 9.31 10.83 17.58 7.93 13.41
17a-Trenbolone 1.00 7.67 9.55 6.62 5.15 5.53 7.08 6.30 2.31 8.59
17 B-Trenbolone 047 4.72 6.73 3.10 343 3.20 3.67 4.21 1.49 5.42
Sum of androgen equivalents® 11.69 14.16 9.17 7.82 8.01 9.83 10.02 3.77 12.37
Atrazine 1.00 84.08 153.88 164.26 42.71 110.65 60.77 58.53 35.82 157.30
Desethylatrazine 0.29 25.55 32.77 24.24 9.60 26.91 8.22 20.00 8.64 30.86
Deisopropylatrazine 0.21 43.50 54.82 12.48 17.70 66.73 13.92 35.00 13.18 52.52
Sum of atrazine equivalents® 100.66 174.94 173.99 49.22 13247 66.09 71.70 41.10 177.32

2 17a-Estradiol was not included in the equivalency calculations because there is no published information on binding affinity for these hormones to fathead minnow ER.

b Total equivalents=adjusted hormone concentration (ng/L). Relative Binding Affinities (RBAs) presented as percent (RBA of 100%=1.0) used as equivalency factors.
Estrogen RBAs are relative to 17(3-estradiol (Denny et al., 2005). Androgen RBAs are relative to 17a-Trenbolone (calculated using values from Wilson and Cardon, 2007).

¢ Atrazine equivalency factors for atrazine degradates were based on relative potency based on LCsy data (Ralston-Hooper et al., 2009).
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Fig. 2. Hormone and pesticide concentrations at various time points during the 45 days mixture flow-through study in three different tanks, (A) EO1, (B) E03, and (C) EO4. E{,
estrone; 17a-E;, 17a-estradiol; 173-E;, 17B-estradiol; Es, estriol; T, testosterone; and, androstenedione; 17a-TRB, 17a-trenbolone; 173-TRB, 173-trenbolone; ATZ, atrazine.

3.2. CAFO chemical mixture

Water chemistry data are summarized in Figs. 2 and A.1.
With the exception of AND, all nominal chemical concentrations
were below target concentrations. In control tanks, AND was
also detected ranging from 7 to 16ng/L (data not shown). The
only other hormones detected in control tanks were E; and 17f3-
E,, which ranged from 0.2 to 0.3ng/L and from 1.2 to 1.3 ng|/L,
respectively. Atrazine in exposed tanks varied widely from 15 to
250 ng/L and nitrate ranged from 2.6 to 10.6 mg/L. An overall sum-
mary of average concentration values for each mixture tank from
which gonadal histology was analyzed at 45 dph are presented in
Table 1.

Sex genotyping was not possible in 20 dph fish, so high cyp19a
expression was used to identifying presumptive females (Leet et al.,
2013; see Section 2.4 for details). Sex-specific gene expression
responses to the CAFO mixture are shown in Fig. 3. Regardless
of gender, at 45dph treated juveniles were larger compared to
controls (Table 2). Genotypic sex ratio did not differ between con-
trols (50 +6% males) and treated (56 +£6% males) (Table 2). All
genotypes matched the histological phenotypes except for two
fish in control tank CO5 (genotypic males identified phenotypi-
cally as females), one fish in experimental tank EO1 (genotypic male

identified phenotypically as female), and two fish in experimental
tank EO3 (genotypic females identified phenotypically as males).
Of the males exposed to the CAFO mixture, 84% had ovarian cavi-
ties (Fig. 4); while no cellular abnormalities were observed in testes
from control males (0% had ovarian cavities). These cavities varied
in size and were formed because of the persistence of the cranial
peritoneal attachment.

4. Discussion

In this study we (1) evaluated the use of expression changes
in genes known to be involved in sex differentiation and gonadal
development as indicators of molecular effects after exposure to
potent sex hormones, and (2) determined if molecular changes
under a more “natural” scenario, in which fish were exposed to
a chemical mixture typical of a landscape dominated by CAFOs and
corn fields, would result in gonadal phenotypic changes.

4.1. Single hormone studies
Larvae exposed to a nominal concentration of 5ng/L EE, were

larger than those exposed to 5ng/L 173-TRB, but neither was sig-
nificantly different from controls. Ankley et al. (2003) reported
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Fig. 3. Summary of gene expression changes in 20 dph fathead minnow larvae after exposure to CAFO chemical mixture. Gene expression for (A) double sex and mab-3
related gene 1 dmrt1, (B) cytochrome P450 19, cyp19aq, (C) cytochrome P450 17, cyp17, (D) steroidogenic acute regulatory protein, star, (E) estrogen receptor 1, esr1, (F)

androgen receptor, ar, was normalized to rpl8 (ACt method). Significant differences from the control group within gender are indicated by an *(student t-test, p <0.05).

Table 2

Mean =+ SE of data measured in 45 days post hatch (dph) fathead minnow juveniles in the CAFO mixture study. Tank ID’s underlined were used for genotyping and gonadal
histology; bold indicates samples taken at 20 dph and used for gene expression.

Treatment Tank ID Survival® (%) Overall body Male body Female body Overall body Male body Female body Sex ratio
weight (mg) weight (mg)  weight (mg) length (mm) length (mm) length (mm) (% males)
Cco1 61 46.6 + 3.0 171 £ 0.3
co2 41 1028 + 74 108.3 + 14.3 98.9 + 6.2 224+ 04 225+ 0.7 222 +04 50
co4 74 46.3 + 4.1 17.0 £ 0.5
Cco5 75 68.3 + 4.5 62.1 + 64 756 +11.3 18.7 £ 0.4 18.0 £ 0.5 19.6 £ 0.8 62
Co6 95 48.2 +£ 4.0 49.0 £ 6.1 48.2 £ 6.2 173 £ 04 17.7 £ 0.8 17.1 £ 0.7 39
Control 07 87 71.6 + 4.1 200 + 03
Cco8 62 1343 £11.3 242 +0.7
c11 87 545 + 4.0 18.1 £ 0.4
C12 59 704 + 5.1 19.8 £ 0.5
Mean"® + SE 71+6 67.2 £ 2.1 70.1 £ 5.8 68.9 + 5.15 19.0 + 0.2 19.1 + 04 19.2 + 0.5 50+6
EO1 54 1049 + 4.7 101.6 £ 6.0 109.5 + 11.0 221 +£03 21.8 £ 0.5 225+ 0.6 54
E02 81 855 +59 20.8 £ 0.5
EO03 44 248.0 + 15.9 249.6 +£28.5 245.1 +223 28.6 £ 0.5 283+ 1.1 28.7 £ 0.6 47
E04 73 50.2 + 3.4 545 + 4.6 433 £ 4.7 17.6 £ 0.4 18.0 £ 0.5 16.9 + 0.7 67
E05 87 98.1 +£ 164 20.8 £ 03
. E06 75 919 + 6.1 206 + 04
CAFO mixture 47 43 1115 + 6.1 213+ 03
EO8 99 60.3 + 4.1 189+ 04
E09 78 1443 £ 9.7 245 + 0.5
E10 93 55.6 + 6.4 179 £ 0.5
E11 43 60.5 + 5.7 183 £ 0.5
Mean + SE 69+6 933 +3.1 96.1+9.7 1121+ 149 20.6 + 0.2 20.6 + 0.6 21.4 + 0.9% 56+6

a Survival of hatched embryos throughout exposure duration (45 days).
b Bolded means are the average of tank means.
" Significant differences from controls (Student t-test, p<0.05.).
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Fig. 4. Examples of gonads from the control group (A male, B female) and the experimental group (C male, D female) from the 45 days CAFO mixture flow-through exposure
experiment. Arrow in A = testes tissue. Arrow in C=ovarian cavity in male testes tissue. Bar=100 pm.

increased in adult female fathead minnow weights with 173-TRB,
but at concentrations well in excess of the ones tested in the current
study. A decreased in body length has been reported in sheepshead
minnows (Cyprinodon variegatus) exposed to much higher 173-TRB
(0.87 wg/L) for 42 weeks (Cripe et al., 2010). The lack of signifi-
cant change in body length of hormone exposed larvae compared
to the control in this study is consistent with that seen by Johns
et al. (2011) in 7 days exposure of fathead minnow embryos to
2ng/L EE,. This indicates the lack of significant change in body
length may be due to the early life-stage we were assessing and
the relatively low concentration of hormones in the current exper-
iment.

The gene expression data from the present study demonstrated
that the period of gonad development we investigated is sensitive
to exogenous hormones. Female fathead minnows appeared more
sensitive to hormone exposure during early gonadal development
than males. This is likely due to female gametogenesis begin-
ning earlier in development than males (about 10dph vs 25 dph,
respectively; Uguz, 2008). Presumably steroidogenesis within the
hypothalamic-pituitary-gonadal axis is more sensitive in females
between 10 and 20dph than males due to this earlier onset of
gametogenesis.

We the exogenous hormones present are filling the role of
endogenous hormones needed during development, therefore
responding negatively on the feedback loop for steroidogenesis at
this early stage in development (10-20dph). We saw downreg-
ulation of star in females exposed to EE, and both sexes exposed
to 17p-TRB. Sharpe et al. (2007) also observed a decrease in star
expression after estrogen exposure in goldfish (Carassius auratus),
as did Filby et al. (2006) in adult male fathead minnows. A similar
response of downregulation of genes involved in steroidoge-
nesis was also observed in Japanese medaka (Oryzias latipes)
exposed to EE; (downregulation of cyp19a and cyp17) and 173-TB
(downregulation of star) (Zhang et al., 2008). The results of the
Zhang et al. (2008) study provided support for the hypothesis

of a compensatory response of decreased steroid production in
fish exposed to exogenous hormones. Both sexes also responded
with an upregulation in esr1 after estrogen exposure which is in
agreement with what has been observed in adult fathead minnows
(Filby et al., 2006).

Gene expression responses in the current study differed some-
what from what has been reported in various other studies of
fish exposed to exogenous hormones. For example, we saw a
downregulation of cyp19a expression in females exposed to EE;
and 17B-TRB, which is opposite of the response seen in other
hormone exposure studies in fish (Filby et al., 2006; Zhang et al.,
2008). Johns et al. (2011) saw an upregulation of star with 2 ng/L
EE, exposure to fathead minnow embryos, which is different
than the downregulation of star observed in the present study
with EE,. These differences could be due to the use of different
life stages (adults in Filby et al, 2006 and Zhang et al., 2008;
pre-gametogenesis in Johns et al., 2011) and exposure duration (7d
in Johns et al., 2011). Production pathways of steroid hormones
likely have differing sensitivities to exogenous hormones pre-,
during, and post-gametogenesis. This emphasizes the importance
of investigating various life stages and exposure conditions as they
can reveal different modes of action and organism sensitivity to
exogenous hormone exposure. Ekman et al. (2011) saw a decrease,
then an increase in cyp19a expression in adult female fathead
minnows with continued exposure to 173-TRB, also emphasizing
the importance of exposure duration and associated effects on
temporal changes in gene expression. In the current study we
could possibly have seen a recovery of the negative feedback
observed if we had continued to assess gene expression at a later
developmental time or after a longer exposure duration.

4.2. CAFO chemical mixture

A wide range was observed in the concentrations of chemicals
present in the laboratory CAFO chemical mixture, which is realistic
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as large variation in chemical concentrations is commonly observed
in our CAFO field sites with large spikes after rainfall events (Gall
et al., 2011; Leet et al., 2012). The higher concentration of AND
compared to all other hormones in the treatment tanks is likely
explained by the background level of AND detected in the control
tanks, which is naturally excreted by the fish. Estrogens (E; and
173-E;) were also detected in the control tanks. These findings are
consistent with our data from control fish streams (Leet et al.,2012).
This information is rarely measured in fish studies evaluating hor-
monal effects (which are usually conducted by exposing several fish
of mixed genders/tank), and although hormone concentrations in
the control tanks was low (7-16 ng/l for AND, and 0.2-1.3 ng/L for
estrogens) their potential impact on the results observed should
not be ignored.

Fish exposed for 45 days to the CAFO mixture were significantly
larger and heavier compared to controls. Low concentrations of
steroids have been used in aquaculture to induce growth in fish
(Pickering, 1993; Woltering, 1984). Weber et al. (2013) observed
an increase in larval head size in zebrafish (Danio rerio) exposed
to low concentrations of atrazine (<30 wg/L), and Ralston-Hooper
et al. (2010) observed increased growth in Hyalella azteca exposed
to atrazine. Leet et al. (2012) also observed increased growth
in feral fish in CAFO impacted ditches, as well as in fathead
minnows exposed in situ to the ditchwater throughout develop-
ment (0-45dph). The similar response in these studies indicates
there may be a common factor in the field and laboratory leading
to increases in growth. Since temperature, DO, and food availabil-
ity were controlled in the laboratory experiment this indicates the
chemicals in the mixture (hormones, atrazine, and nitrate) may be
influencing this response.

A large proportion of exposed males (84%) had ovarian cavities
in their testes (compared to 0% in the control group). Concentra-
tions of 173-E2 and other estrogens in the present mixture study
were below those known to cause feminizing effects in male fish
(Table A.2). Ovarian cavities in male fish have been used as an indi-
cator of feminization from exogenous hormone exposure during
development (van Aerle et al., 2002; Brion et al., 2004). So the
presence of ovarian cavities in males from our study could be due
to the additive effect of estrogens in mixture. Interestingly, over
the 45 days trial fish were exposed to higher levels of androgen
equivalents than estrogen equivalents (Table 1). It is possible that
the exogenous androgens in this mixture are being aromatized
to estrogens leading to greater internal E; dose (Iwamatsu et al.,
2006). However, if this were the case we would have expected
to see a similar response in the gene expression profile as with
the EE; exposure in the single hormone exposure study (Section
4.1), but no significant alterations in gene expression were seen.
The genes analyzed here may not be sensitive enough markers
to be used in mixture experiments where there are undoubtedly
interactions between hormones with opposing modes of action.
These particular genes did not shed clear light on the pathway
impacting the phenotypic alteration observed (the presence of
ovarian cavities). The “estrogenic” response observed histologically
in this study demonstrates that there may not be a simple way to
use additive effects to predict what will happen with mixtures of
steroids with differing modes of action, as can be done for mixtures

Table A.1

with similar modes of action (Brian et al., 2005; Silva et al.,
2002).

Results from this laboratory experiment are in contrast to
the masculinizing effects observed in the in situ exposure of
fathead minnows to CAFO ditchwater over the same length of
time during development (Leet et al., 2012). That study resulted
in a significantly male skewed sex ratio in fish exposed to CAFO
ditchwater compared to control fish reared in the laboratory. There
were uncontrolled factors in the in situ study, such as spikes in
temperature and inundation of ditch sediment into tanks, which
may have contributed to the “androgenic” effect that was not
observed in the current laboratory experiment (where sex ratios
were not significantly different). However, differences in hormone
concentrations the fish were exposed to may have played a role
as well. Overall the average concentrations of hormones in the
laboratory study were higher than the average concentrations
in the in situ study (Leet et al., 2012), but there were spikes in
AND and T (combined) in the in situ study that were higher than
the maximum concentrations of these natural androgens in the
laboratory study. It is difficult to distinguish at this time which
of these factors may be leading to the differing “estrogenic” and
“androgenic” effects seen in these two studies. This again indi-
cates the complexity of alterations in fish responses to hormone
mixtures, particularly hormones with differing modes of action.

5. Conclusions

In conclusion, we assessed sex-specific responses of early life
stage fathead minnows to individual synthetic hormone exposures
as well as to a mixture of hormones, pesticides, and nutrients
similar to our CAFO field sites. Since sex identification was not pre-
viously possible in larval/juvenile fathead minnows, this is the first
study to evaluate sex-specific responses of contaminant exposure
in this species at this life stage. The single hormone study showed
a negative feedback response to exogenous hormone exposure
through downregulation of genes involved in steroid hormone pro-
duction. The CAFO chemical mixture study showed no significant
alterations in gene expression; however, histological data indicate
a feminization of testes. The studies presented here can serve as
a starting point to gain a clearer understanding of how exogenous
hormones and chemical mixtures impact gonadal development in
gonochoristic teleosts.
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Appendix A.

See Fig. A.1 and Tables A.1 and A.2.

Mean + SE survival and total body length measured at 20 days post hatch for the single hormone experiment.

Treatment Survival (%) Overall body length (mm) Male body length (mm) Female body length (mm)
Control 97 7.7 £0.2 7.9 £ 04 7.6 +£02
Estrogen 80 8.0 + 0.1 8.0 +0.1 8.0+ 0.1
Androgen 89 7.5+ 0.1 7.6 £0.2 7.4+ 0.1

" Significant differences from controls p <0.05.
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Table A.2
Summary of lowest observable effect concentrations (LOECs) for steroid hormone exposures during fish early life stages.
Fish species LOEC Effect Reference
Estrogen
E; Zebrafish 14ng/L Induction of VTG Holbech et al. (2006)
17B-E; Zebrafish 54ng/L Induction of VTG and skewed ratio toward females Holbech et al. (2006)
Japanese medaka 32ng/L Feminization of genotypic males based on secondary sex characteristics Hagino et al. (2001)
Fathead minnow 50ng/L Induction of VTG Tyler et al. (1999)
Rare minnow 25ng/L Induction of VTG Liao et al. (2009)
E;3 Zebrafish 600 ng/L Induction of VTG Holbech et al. (2006)
Androgens
T Japanese medaka 100 pg/L
173-TRB Zebrafish 9.5ng/L All male population Holbech et al. (2006)
12 - minnow. Environ. Sci. Technol. 40, 3112-3117, http://dx.doi.org/10.1021/
OEO1 es052174s.
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Fig. A.1. Nitrate measurements at various time points during the 45 days mixture
exposure study in three different replicate tanks, EO1, E03, and E04.
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